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STEERING SYSTEM OPTIMIZATION OF A HEAVY-COMMERCIAL 
VEHICLE TO IMPROVE STRAIGHT AHEAD CONTROLLABILITY 
USING KINEMATICS&COMPLIANCE ANALYSIS 
SUMMARY 
The broad objective of this thesis work is to improve the straight ahead 
controllability performance of a heavy commercial vehicle by optimizing the 
suspension kinematics characteristics of the vehicle. ADAMS/Car full vehicle model 
simulations are used during the optimization process and the results are verified 
using subjective evaluations and objective measurements. 
 
The first step of the thesis work is making the problem definition clearly in order to 
pay critical attention to specific points. Subjective evaluations and objective 
measurements are performed with the selected vehicle and 3 different heavy 
commercial vehicles. The results show that the straight ahead controllability 
performance of the selected vehicle needs improvements in order to fulfill the heavy 
commercial vehicle drivers expectations. An objective metric is defined for steering 
wheel angle corrections required during straight line driving. It is important to 
quantify the subjective feelings with objective measurements and metrics, so that the 
applied improvements could be tracked in a more systematic way. 
 
As a second step, the ADAMS/Car model of the selected heavy commercial vehicle 
is built. Since the optimization study is performed on front suspension and steering 
system, high-level of attention is paid during the modelling of those systems. All 
bushings (leafspring bushing, antiroll bar bushing, etc.) are physically measured and 
entered to the model.  
 
The next step for the thesis work is the correlation of the ADAMS/Car model with 
the real life. In order to perform this correlation work, component and system level 
test are performed such as leafspring force-deflection measurements and 
kinematics&compliance analysis for the suspension and steering characteristics of 
the vehicle. The correlation work is divided into three major sections; static, 
kinematic and dynamic. However, the hardpoint optimization study is just based on 
kinematic simulations, therefore the first two sections of the correlation is performed 
using the component level tests and real-life vehicle measurements. 
 
The fourth step of the thesis work is to use the correlated ADAMS/Car model for the 
steering and suspension hardpoint optimization study. A candidate hardpoint list is 
formed in which the related hardpoints are defined. The rule of thumb improvements 
regarding the bumpsteer and rollsteer characteristics of the vehicle are performed 
seperately before starting the hardpoint optimization study. The application of these 
rule of thumb improvements have decreased the number of hardpoints which can be 
used for the optimization study. The optimization study is performed for each design 
xviii 
 
constraint (bumpsteer, rollsteer and maximum wheel angle) and an optimized point is 
found which satisfies all design contraints. 
 
As a final step, the physical verification tests (both subjective and objective) are 
performed for the optimized hardpoints using prototype parts. The subjective 
evaluation results and objective measurements show that the hardpoint optimization 
study result in significant improvement on straight ahead controllability performance 
















































AĞIR TİCARİ BİR TAŞITTA DÜZ YOLDA GİDERKENKİ KONTROL 
EDİLEBİLİRLİĞİN İYİLEŞTİRMESİ İÇİN  KİNEMATİK VE ESNEKLİK 




Bu tez çalışmasının ana amacı ağır ticari bir taşıtın düz yol kontrol edilebilirliğini 
direksiyon sistemi optimizasyonu sırasında kinematik ve esneklik analizleri 
kullanarak iyileştirmektir. Tez çalışmasına başlanılabilmesi için seçilen ağır ticari 
taşıtın düz yol kontrol edilebilirliğindeki problemin tanımının objektif ve subjektif 
değerlendirmeler sonucunda yapılması gerekmektedir. Yapılan problem tanımına 
istinaden optimizasyon çalışması sırasında kullanılacak olan çoklu parça dinamikli 
model ADAMS/Car yazılımı kullanılarak oluşturulmalıdır. Optimizasyon öncesinde 
oluşturulan çoklu parça dinamikli modelin gerçek hayat ile kıyaslandığında ne kadar 
doğru sonuçlar verdiğinin kontrol edilmesi ve gerekli noktalarda model üzerinde 
belirli modifikasyonlar yapılması gerekmektedir. Gerçek hayat ile uyumlu sonuçlar 
veren çoklu parça dinamikli model direksiyon ve süspansiyon sistemi 
optimizasyonunda kullanılabilmektedir. Optimizasyon sonrasında geliştirilmesi 
planlanmış süspansiyon ve direksiyon sistemi özellikleri kontrol edilip sistem 
seviyesi gelişim gösterilmelidir. Son olarakta sistem seviyesinde yapılan bu 
iyileştirmelerin araç seviyesinde nasıl sonuçlar verdiğinin subjektif ve objektif olarak 
doğrulanması ve kontrol edilmesi gerekmektedir.   
 
Tez çalışmasının ilk adımı olarak problem tanımının tam ve doğru bir biçimde 
yapılabilmesi için çalışılmıştır. Problem tanımının yapılabilmesi için seçilen araç ve 
farklı 3 araç ile subjektif değerlendirmeler ve objektif ölçümler yapılmıştır. Subjektif 
değerlendimeler ağır ticari taşıt kullanılması ve notlandırılması konularında uzman 
bir ekip tarafından yapılmıştır. Hem subjektif hem de objektif sonuçlar seçilen aracın 
düz yolda kontrol edilebilirlik performansının müşteri beklentilerini karşılamayacak 
düzeyde olduğunu göstermiştir. Yapılan geliştirmeleri sistematik bir biçimde takip 
edebilmek adına düz yolda kontrol edilebilirliği tanımlamak için objektif bir metrik 
oluşturulmuştur. Bu metrik düz yolda aracı kontrol edebilmek için gereken 
direksiyon düzeltmelerinin mutlak toplamının test süresine bölünmesi ile bulunur ki, 
yaklaşık bir saniyede yapılan direksiyon düzeltmesi ihtiyacını anlatır. Metrik ne 
kadar büyükse aracın düz yolda kontrol edilebilirlik performansının o kadar düşük 
olduğu anlaşılmaktadır. Bütün araçlarda objektif ölçümler direksiyon açı/tork 
sensörü ve araç hızını ölçen GPS bazlı bir ekipman kullanılarak yapılmıştır. Yapılan 
çalışma sonrasında da objektif metrik ve subjektif değerlendirmelerin test edilen 
araçların sıralamaya konulması bakımından birbiri ile uyumlu olduğu 
gözlemlenmiştir.  
 
İkinci adım olarak, tez çalışmasında kullanılacak olan ADAMS/Car modeli 
oluşturulmuştur. Model 6 ana bölüm olarak modellenip daha sonrasında doğru 
bağlayıcı elemanlar kullanılarak birleştirilmiştir. Bu bölümler, ön süspansiyon, 
xx 
 
direksiyon sistemi, arka süspansiyon, şasi, lastikler-jantlar ve kabinden oluşmaktadır. 
Tez çalışmasının amacı direksiyon ve ön süspansiyon sistemlerinin optimizasyonu 
olduğu için aracın ön süspansiyonunun ve direksiyon sisteminin modellenmesi 
üzerinde daha çok vakit harcanmıştır.Aracın ön süspansiyon sistemi, makaslı ve viraj 
denge çubuklu katı akstan oluşmaktadır. Ön süspansiyon sistemindeki makas ve viraj 
denge çubukları çubuk elemanlar olarak modellenmiş olup bahsi geçen sistemlerdeki 
bütün burçlar fiziksel olarak ölçtürülüp modele test sonucu olarak aktarılmıştır. 
Direksiyon sistemi, direksiyon simidi, direksiyon kolonu, değişken oranlı direksiyon 
kutusu, pitman kolu, kısa rot, deve boynu, çolak kolları ve uzun rottan oluşmaktadır. 
Direksiyon sistemindeki bütün kollar ve rotlar katı cisim olarak modellenmiş olup, 
esneklikleri ihmal edilmiştir. Aracın arka süspansiyonu 4 hava körüğü, 2 boylamsal 
rod, 1 V şeklinde rod ve denge çubuğundan oluşmaktadır. Arka süspansiyondaki 
denge çubuğu ön süspansiyonda olduğu gibi çubuk elemanlar yardımıyla 
modellenmiştir. Hava körüklerinin modelleri farklı basınçlarda yapılan fiziksel 
ölçüm sonuçlarına göre oluşturulmuştur. Bahsi geçen rodların uç kısımlarındaki 
kauçuk bağlantı elemanlarının hepsi fiziksel olarak ölçtürülüp modele test sonucu 
olarak aktarılmıştır. Aracın şasisinin esnekliği bu optimizasyon çalışması için ihmal 
edilmiş olup katı cisim olarak modellenmiştir. Bahsi geçen diğer bütün bölümler ve 
parçalar aracın şasisine belli bağlantı elemanlarının yardımıyla tutturulmuştur. 
Aracın lastiklerinin doğru bir şekilde modellenebilmesi için lastikler fiziksel olarak 
ölçtürülüp, ölçüm sonuçları modele belli formüller yardımıyla aktarılmıştır. Lastik-
jant komplesinin ağırlığı da gerçek hayatta etkidiği bölgeye nokta kütle olarak 
tanımlanmıştır. Aracın kabini 4 noktadan bağımsız kabin süspansiyonu ve salıncak 
kolları yardımıyla aracın şasisine bağlanmış durumdadır. Kabin süspansiyonunda 
bulunan yay, amortisör ve burçların tamamı fiziksel olarak ölçtürülüp modele test 
sonucu olarak aktarılmıştır. Bunların dışında bulunan kollar ve bağlantı elemanları 
katı cisim olarak modellenmiştir. Optimizasyon sırasında dinamik analizler 
kullanılmadığı için kabinin ağırlık merkezi yüksekliği ve eylemsizlik momentleri 
ortalama değerler olarak hesaplanıp modele aktarılmıştır. En son olarak bütün bu 
açıklanan bölümler doğru bağlantı elemanları vasıtasıyla birbirlerine bağlanıp tam 
araç modeli oluşturulmuştur.      
 
Hazırlanmış olan modelin optimizasyon çalışmasında kullanılabilmesi ve doğru 
sonuçlar verebilmesi açısından modelin gerçek hayat ile uyumunun kontrol edilmesi 
ve gerekli noktalarda değişiklikler yapılması gerekmektedir. Modelin gerçek hayat 
ile uyumu 3 aşamada kontrol edilmektedir. İlk aşama statik korelasyon, ikinci aşama 
kinematik korelasyon ve son aşama dinamik korelasyondur. Statik korelasyon 
sırasında, aks yüklerinin, yaylanmaz kütlelerin ve ağrılık merkezi yüksekliklerinin 
gerçek araç ile uyumu kontrol edilmiştir. İkinci aşamda yapılan kinematik 
korelasyonda, hazırlanmış çoklu parça dinamikli model gerçek araç üzerinden 
toplanmış kinematik ve esneklik datalarına ve parça seviyesi test sonuçlarına göre 
gerçek hayat ile uyumlu hale getirilmiştir. Kinematik ve esneklik analizlerine göre 
gerçek hayat ile doğrulanan araç özellikleri, lastiklerin düşey yönlü hareketlerindeki 
tekerlek merkezi hareketleri, tekerlek merkezlerinin düzlemsel ve yatay yükler 
altındaki hareketleri ve tekerlek merkezlerinin toplayıcı moment yönündeki 
torklardaki hareketleri olarak özetlenebilir. Bu aşamada model sadece statik ve 
kinematik olarak gerçek hayat ile uyumlu hale getirilmiş olup dinamik olarak gerçek 
hayat ile uyumluluğu kontrol edilmemiştir ancak optimizasyon çalışması kinematik 




Gerçek hayat ile uyumlu hale getirilmiş olan model optimizasyon çalışmasında 
kullanılmaya uygun hale gelmiştir. Bundan sonraki adım optimizasyon çalışmasının 
yapılmasıdır. Optimizasyon çalışması aracın süspansiyon hareketleri sırasındaki 
dümenlemesini, dingilin yalpası sırasındaki dümenlemesini ve maksimum teker 
dönüş açılarının ayarlanmasını ele almıştır. Bu 3 parametreyi en çok etkileyebilecek 
parçalar ve koordinatları çıkartılıp listelenmiştir. İlk aşamada belirlenen 6 adet 
koordinat takımı şu noktalardan oluşmaktadır; direksiyon kutusunun şasiye 
bağlandığı nokta (1-x,y,z), makas ön gözünün şasiye bağlandığı nokta (2-x,y,z), 
pitman kolunun kısa rota bağlandığı nokta (3-x,y,z), kısa rotun deve boynuna 
bağlandığı nokta (4-x,y,z), çolak kollarının uzun rota bağlandığı nokta (5-x,y,z) ve 
makas arka gözünün şasiye bağlandığı nokta (6-x,y,z). Hem optimizasyon 
çalışmasının verimi hem de diğer sistemleri ve araç özelliklerini etkileyen 
koordinatlar belli başlı kurallar çerçevesinde olması gereken noktalara getirilmiştir. 
Bu çalışma sonrasında elde kalan koordinat takımı sayısı 3’e indirilmiştir; pitman 
kolunun kısa rota bağlantı noktasının z koordinatı (3-z), kısa rotun deveboynuna 
bağlantı noktası (4-x,y,z) ve çolak kollarının uzun rota bağlandığı nokta (5-x,y,z).  ile 
optimizasyon çalışması gerçekleştirilmiştir. Maksimum dönüş açısı parametresinin 
optimizasyonu sırasında istatistiksel bir çalışma yapılmış olmasına karşın diğer iki 
parametre de istatistiksel bir çalışma yapılamamıştır. Bunun nedeni ise diğer iki 
parametrenin tek bir metrik ile tanımlanmasının mümkün olmayışıdır. Tamamlanan 
optimizasyon çalışması sonrasında 3 parametrenin de gerekliliklerini yerine getiren 
bir parça ve koordinat takımı elde edilmiştir. 
 
En son adım olarak da yapılan optimizasyon çalışmasının gerçek hayatta da beklenen 
iyileştirmeyi sağlayıp sağlamadığı araştırılmıştır. Bu araştırma çalışması için 
oluşturulan parça ve koordinat takımına uygun prototip parçalar ile yeni bir araç 
toplanıp eski tasarıma sahip olan bir araç ile subjektif ve objektif olarak 
kıyaslanmıştır. Yapılan subjektif değerlendirmelerin hepsi problem tanımı sırasında 
aracı değerlendirmiş, ağır ticari taşıt kullanılması ve notlandırma konularında 
uzmanlaşmış bir ekip tarafından tamamlanmıştır. Subjektif değerlendirmelerin 
sonuçları optimizasyon sonrasında iyileştirme planlanan bütün noktalarda 
farkedilebilir oranlarda iyileştirmeler elde edildiğini göstermektedir. Subjektif olarak 
tespit edilen bu iyileşmenin objektif olarak da gösterilebilemesi için problem tanımı 
sırasında yapılan objektif ölçümler ile aynı koşullarda optimize edilmiş parçaların 
bulunduğu araç ile objektif ölçümler yapılmıştır. Objektif ölçümler sonucunda 
problemin net olarak takip edilebilmesi için oluşturulmuş olan düz yol kontrol 
edilebilirliği metriğinde ciddi miktarlarda azalma tespit edilmiştir, bu da subjektif 
olarak hissedilen iyileşmenin objektif olarakta bir karşılanması anlamına 
gelmektedir. Subjektif değerlendirmelerin objektif sonuçlar ile uyumlu olması da 
oluşturulan metriğin düz yol kontrol edilebilirliğini iyi bir biçmde temsil ettiğini 
göstermektedir.  
 
Sonuç olarak, düz yol kontrol edilebilirlik performansı beklentileri karşılamayan, 
problemli olarak seçilen aracın optimizasyon sonrasında yapılan subjektif ve objektif 
değerlendirmelerde optimizasyon öncesinde problem olarak gösterilen özelliklerinin 






































1.  INTRODUCTION 
In the developing world, transportation of goods is one of the most important sub-
sections of commerce and trade. There are five types of primary carriers for the 
transportation of goods, such as; railroads, waterway carriers, motor-freight carriers, 
pipelines and air-freight carriers. 
The statistics that are generated by European Union show that motor-freight carriers 
are mostly used among the other 4 types. In order to measure the exact usage, a unit 
of tone-km is used which is a measure representing the movement over a distance of 
one kilometer of one tone of goods. Table 1.1 shows the statistical information 
regarding the good transportation which is published during International Transport 
Forum in 2011 [1]. 
Table 1.1 : Good transportation statistics. 





Goods Transport (million Ton-km)
by
Rail-Road
Goods Transport (million Ton-km)
by
Motor-Freights
National International National International
301,219 187,843 160,628720,203
 
The motor-freight carriers are considered in road transportation which has a 
significant effect on economical development of a country. Road transportation is not 
only an important individual activity field in itself but also an important service 
sector that is related to all other sectors. 
The road transportation of goods depends on the distance, the goods are transported 
by road, the weight and volume of the individual shipment and the type of goods 
transported. For short distances and light, small shipments a van or pickup truck may 
be used. For large shipments, a truck is more appropriate due to the high weight and 
volume capacity. 
The motor-vehicles which are used during road transportation of goods (van, pick-
up, trucks, semi-trailers, etc.) are categorized in different sub-segments according to 
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European Commission Directive 2001/116/EC of 20 December 2001 [2]. The good 
carrying motor-vehicle categories are presented in Table 1.2. 
Category N3 & N3+O4 vehicles are mainly used during National transportation; 
however, only Category N3+O4 vehicles (semi-trailer truck versions) are used for 
International transportation due to higher load carrying & volume capacities. 
The semi-trailer trucks are often called as tractor-trailer combinations which have 
some different types depending on the axle numbers of tractor & trailer and axle 
types of the tractor. 










Trailers with a maximum mass not exceeding 0.75 tonnes.
Trailers with a maximum mass exceeding 0.75 tonnes but not exceeding 3.5 tonnes. 
Trailers with a maximum mass exceeding 3.5 tonnes but not exceeding 10 tonnes.
Trailers with a maximum mass exceeding 10 tonnes.
Motor vehicles with at least four wheels designed and constructed for the carriage of goods
Trailers (including semi-trailers)
Light Commercial Vehicles
 - designed and constructed for the carriage of goods and having a maximum 
mass not exceeding 3.5 tonnes.
Large Goods Vehicles
 - designed and constructed for the carriage of goods and having a maximum mass 
exceeding 3.5 tonnes but not exceeding 12 tonnes.
Large Goods Vehicles -  constructed for the carriage of goods and having a maximum mass exceeding 12 
tonnes.
 
Figure 1.1 shows the diagram of a 6x4 tractor-trailer combination. 
The usage of heavy commercial vehicles (HCV) is increasing day by day and the 
HCV manufacturers are improving their current productions as well as developing 
new models to meet that customer demand. The statistics show that the production 
numbers of heavy commercial vehicles are increased %55 from 2009 to 2010 all over 
the world [3]. Table 1.3 shows the HCV production numbers for different regions; 
The basic scope of heavy-commercial vehicle development which was just 
concentrated on fuel-economy, durability and performance feel is not capable of 
fulfilling the increasing customer expectations anymore. HCV developers 
concentrate on additional vehicle attributes such as steering, ride comfort, NVH, 
braking, ergonomics and exterior-interior design in order to provide the passenger-




1.Tractor Unit 6.Spoiler  
(to improve Fuel Consumption) 
2.Semi-Trailer (detachable) 7.Fuel Tanks 
3.Engine Compartment (old tractors) 
(new tractors are “Cab over Engine”) 
8.Fifth-Wheel Coupling 
   (where the semi-trailer attached) 
4.Cabin 9.Enclosed Cargo Space 
5.Cabin (Sleeper) 10.Landing Legs 
(when semi-trailer detached) 
 
Figure 1.1 : A schematic view of a tractor (6x4)-trailer combination. 
 























The objective of this thesis work is to present the model validation methodology and 
the optimization study on suspension & steering hard points of a HCV to improve the 
straight ahead controllability of the vehicle. The results of the optimization study on 
suspension kinematics and steering performance of the vehicle is verified using both 
full vehicle simulations and vehicle testing. 
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A full vehicle ADAMS/Car model is used for the validation and optimization study 
which has beam-element leaf springs on solid axle and air springs on drive axle for 
front and rear, respectively. The steering system of the mentioned HCV consists of a 
steering wheel, steering column subsystem, a variable-ratio steering gear with 
recirculating ball mechanism, a pitman arm, a drag link, an upper steering arm, two 
lower steering arms and a tie-rod. All steering linkages are modeled as rigid bodies in 
ADAMS/Car model during the optimization study. The optimization factors are 
selected as pitman arm-to-drag link hard point, drag link-to-upper steering arm hard 
point, and lower steering arm-to-tierod hard point. The aim of this optimization study 
is to improve and find an optimum point for the kinematic properties such as 
bumpsteer, rollsteer, percent Ackermann, maximum wheel angle and their symmetry. 
The improvements on kinematic properties are verified with vehicle testing on 
different maneuvers with the prototype vehicles. 
1.1 Purpose of Thesis 
The customer surveys that are made for HCV reveal that the straight ahead 
controllability performance of a vehicle is considerably important for long-distance 
drivers.  
Making large amount of corrections on the steering wheel to drive on a straight line 
requires huge driver effort and concentration which results in exhaustion. The 
National Transportation Safety Board (NTSB) reports that %20-%40 of trucking 
accidents are caused by truck driver fatigue [4]. Although the main reasons for the 
driver fatigue are extra working hours and low sleeping quality, exhaustion caused 
by the vehicle characteristics can be counted as consequential reason on driver 
fatigue.  
In addition to the driver fatigue, making large amount of steering wheel corrections 
while driving on straight lanes give the drivers a feeling that the control is not in the 
driver’s hands. 
In order to observe whether the selected vehicle fulfills the customer expectations in 
terms of straight ahead & cornering controllability or not, a subjective jury 
(professional drivers) evaluation is performed with additional 3 different vehicles. 
Straight ahead and cornering controllability terms are explained in detail below; 
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Straight ahead controllability refers to the steering properties (response, roll control, 
torque feedback, modulation, symmetry) around the straight ahead position and how 
these characteristics work together to allow the driver being precise and confident 
during steering control. These properties are the vehicle reactions and torque 
feedback to small steering corrections that are required to keep the vehicle in a 
straight path. 
Cornering controllability describes how the steering characteristics (response, roll 
control, torque feedback, returnability, modulation, symmetry) work together to give 
the driver precise and confident control while cornering, particularly at moderate and 
high speeds. These properties include the vehicle’s reaction and the torque feedback 
to steering inputs both when turning the vehicle into a corner as well as the steering 
adjustments required to keep the vehicle on the intended curvature. It also includes 
the steering properties that help the driver return to straight-ahead when exiting a 
corner. 
For a complete subjective assessment these characteristics need to be evaluated at 
various speeds, road and weather conditions. 
A rating scale which is well-known by the jury should be used in order to have an 
accurate alignment between the evaluators. The rating scale of GOST R 52302 
regulation is modified and used during the jury evaluation which is presented in 
Table 1.4 [5]. 
Table 1.4 : Rating scale used during jury evaluation. 
1.5 2.5 3.5 4.5
SatisfactoryBadVery Bad
Needs to be Improved Desirable to Improve
ExcellentGood
No Need for 
Improvement
Not Acceptable Borderline Acceptable
4 51 2 3
 
 The subjective evaluation results are processed into a sheet to observe the points 
where improvement is needed. Table 1.5 shows the jury subjective evaluation results 
for the selected vehicle and additional 3 vehicles.  
The subjective evaluation results show that the straight ahead controllability 
performance of the selected vehicle should be improved in order to fulfill the 
customer needs and expectations.  
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Table 1.5 : Subjective evaluation results of professional drivers. 
Response 2.0 3.0 4.0 3.5
Roll Control 3.0 3.5 4.5 4.0
Torque Feedback 2.5 3.0 4.5 4.5
Modulation 2.5 3.5 4.5 4.5
Symmetry 2.5 4.0 4.0 4.5
Response 2.5 3.0 4.0 4.0
Roll Control 3.0 3.5 4.5 4.0
Torque Feedback 3.0 3.0 5.0 4.5
Returnability 2.5 3.5 4.5 4.5
Modulation 3.0 3.0 4.0 4.0
Symmetry 3.0 4.0 4.5 4.0
No Need for Improvement
Selected





Needs to be Improved
Desirable to Improve 
 
It is important to synchronize these subjective feelings with objective metrics in 
order to track the improvements in a systematic way. Therefore an objective metric 
which can quantify the straight ahead controllability performance of the vehicle is 
needed.  
The objective metric (1.1) is defined as the steering wheel corrections made by the  
driver per second while driving in a designated corridor.  
 
                                                              (1.1) 
 
where 
|SWA| = absolute integral of SWA corrections, 
t = total data collection time, 
The designated corridor is formed according to the maximum vehicle width of the 
vehicle. (excluding cabin and mirrors).  
 





Objective measurements are performed on the same vehicles that are subjectively 
evaluated with a speed of 80 kph when the vehicles are towing a fully loaded trailer. 
5 runs with each vehicle need to be completed in order to calculate a trustable metric. 
Steering wheel angle and vehicle speed sensors are needed in order to conduct the 
objective measurements. Figure 1.2 and Figure 1.3 present the steering wheel 




 Figure 1.2 : SWA/SWT sensor used during objective measurements. 
 
 
Figure 1.3 : Transducer that is used for measuring vehicle speed during objective 
measurements. 
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A sample run of each vehicles objective merasurements are presented in Figure 1.3. 
 
Figure 1.4 : SWA corrections vs. time plot for all subjectively evaluated vehicles. 
Table 1.6, Table 1.7, Table 1.8 and Table 1.9 present the metric calculations and 
results of selected vehicle, vehicle-1, vehicle-2 and vehicle-3, respectively. 























The objective metric calculations show consistent results with the subjective 
evaluation results of professional drivers. 
As a final result of both subjective evaluation results and objective measurements, it 
has been concluded that the straight ahead controllability performance of the selected 
vehicle should be improved by performing considerable kinematic changes in order 




Table 1.7 : Objective metric calculation of vehicle-1. 
AVERAGE 4.82
26.4 4.63
Run-4 95.8 26.4 3.63
Run-5 122.1
26.2 5.01
Run-2 152.3 26 5.86
Run-3 131.2
25.8 4.97
Vehicle - 1 (with Trailer & 80 kph)
Σ|SWA| (o) t (s) Metric (o/s)
Run-1 128.1
 
Table 1.8 : Objective metric calculation of vehicle-2. 
Σ|SWA| (o) t (s) Metric (o/s)
Run-1
Vehicle - 2 (with Trailer & 80 kph)
28.84 25.84 1.12
Run-2 28.80 26.04 1.11
Run-3 30.75 26.12 1.18
Run-4 31.02 25.98 1.19
AVERAGE 1.13
Run-5 27.94 25.92 1.08
 
Table 1.9 : Objective metric calculation of vehicle-3. 
AVERAGE 3.89
3.60
Run-5 104.9 26.8 3.91
Run-4 87.6 26.9 3.26
Run-3 98.2 26.6 3.69
Run-2 123.7 24.9 4.97
Run-1 94.29 26.2
Vehicle - 3 (with Trailer & 80 kph)




The purpose of this thesis is to present the steering hardpoint optimization of a heavy 
commercial vehicle using kinemaitcs and compliance analysis in order to improve 
the straight ahead controllability performance of the vehicle.   
1.2 Literature Review 
Steering system design of motor vehicles has a great importance during vehicle 
development due to its functional characteristics, safety aspects and comfort 
expectations of the drivers. Therefore, several studies on steering system designs of 
motor vehicles are performed all over the world starting from early 1950s until now. 
Schipper and Moss has investigated the heavy commercial steering, system by sytem 
and shared the design objectives for each component. As a final study, they have 
shared the vehicle level attainments with the fulfillment of component level design 
objectives [6].   
The steering system of heavy commercial vehicles has been investigated in details 
starting from steering wheel to front wheels by John W. Durstine [7]. The 
mechanical and constructional specifications of all parts that are included in the 
steering system are explained and the design parameters that affects the kinematic 
characteristics are indicated. 
Peppler, Johson and Williams have performed studies about the effects of steering 
systems on on-center handling characteristics of the heavy commercial vehicles. 
Different steering gear parts with different specifications (ratio, boost curve, etc.) 
have been evaluated by an experienced jury and a contribution analysis is made [8]. 
Their study is mainly concentrated on improving the on-center steering performance 
of the heavy commercial vehicles using different steering system parts rather than 
kinematical analysis. 
An optimization of front bumpsteer for a double-wishbone suspension system using 
design of experiments has performed by Suh, Lee and Yoon [9]. They have selected 
the design varables which have the largest influence on bumpsteer characteristics 
using experimental sensitivity analysis. The purpose is to minimize the object 
function (bumpsteer) using the selected design variables. The verification for the 
minimization of bumpsteer characteristics of the vehicle is made using single lane 
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change tests since the study is performed to decrease the understeer tendency of the 
vehicle. 
Ekinci has performed a study on steering system optimization and verification of a 
heavy commercial vehicle and concentrated on different steering gears, reducing 
friction in the system, steering column hardpoints and non-uniformity optimizations 
using ADAMS [10]. The verification tests are performed both subjectively and 
objectively and compared with a competitor vehicle. 
Conducted researches and studies show that the steering system optimization is an 
important part of the vehicle development which is directly in communication with 
the drivers. This thesis work is concetrated on straight ahead controllability 
performance of the vehicle specifically which can not meet the customer 
expectations. It has been proven that the straight ahead controllability performance of 
the vehicle can not fulfill the customer expectations by customer surveys, subjective 
evaluations and objective measurements. The kinematic characteristics of the vehicle 
such as bumpsteer, rollsteer, ackerrman, etc. are used to improve the straight ahead 
controllability performance of the vehicle. The above mentioned kinematic 
characteristcs are optimized using a full-vehicle ADAMS model and verified using 
prototype parts on real life vehicles by kinematics & compliance analysis and 
objective measurements. 
1.3 Thesis Outline 
Customer surveys, subjective evaluations and objective measurements show that the 
straight ahead controllability of the selected vehicle needs to be improved in order to 
fulfill the customer expectations. This thesis work is performed to improve the 
straight ahead controllability of a selected vehicle by optimizing its steering & 
suspension hardpoints.  
Thesis is divided into 4 sections; introduction, technical background, methodologies 
and results, conclusions and recommendations. 
In the technical background section, the steering system details & important steering 
kinematics of a heavy-commercial vehicle are presented.  
The third section is the main section of the thesis and includes methodologies and 
results of the thesis work. The first part of the third section presents the details of 
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building the ADAMS/Car model of the selected 4x2 tractor. The correlation study 
and methodology of the 4x2 tractor ADAMS model are presented in the second part 
of the third section. Following the second part, the steering and suspension hardpoint 
optimization and its results are presented as a third part. The final part of the third 
section shows the vehicle level improvements (subjective & objective) of the 
hardpoint optimization. 
As a final section, the conclusion and recommendations are presented.        
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2.  TECHNICAL BACKGROUND 
2.1 Steering System Details of a HCV 
Steering system is responsible to steer the front wheels of the vehicle according to 
driver inputs, in order to provide overall directional control of the vehicle. The actual 
steer angles that are achieved according to driver inputs are modified by the 
geometry and reactions within the suspension and steering systems. 
The steering systems consist of the parts which transmit the forces and motions 
between the steering wheel and left-right wheels. In recirculating ball steering 
systems, the following parts are used; 
• Steering Wheel, 
• Steering Column Assembly, 
• Steering Gear, 
• Pitman Arm, 
• Drag Link, 
• Upper Steering Arm, 
• Knuckles, 
• Lower Steering Arms, 
• Tierod. 
A sample recirculating ball steering system is presented in Figure 2.1 
2.1.1 Steering wheel 
The steering wheel is used by the driver to control the directional tracking of the 
vehicle. Driver efforts applied to the steering wheel becomes torque in the steering 
column and thus the primary input to the steering system. 
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Figure 2.1 : Recirculating ball steering system [11]. 
 
Although all of the newly produced heavy commercial vehicles have power-assisted 
steering systems, it is important that the driver is able to control the vehicle when the 
power assist system fails. In order to make the vehicle steerable without power assist, 
steering wheel diameter can be increased. An increase in steering wheel diameter 
results in more torque in the steering column from the same amount of driver effort. 
Figure 2.2 represents the forces and torques acting on the steering wheel and column. 
Table 2.1 presents the ECE.79 regulation limits for the driver efforts with power 
assistance and without power assistance for N3 category vehicles. 
Table 2.1 : Driver effort limits in ECE.79. 
Maximum Effort (N) Steering Time (s) Maximum Effort (N) Steering Time (s)
N3
Category 200 4 450 6












Figure 2.2 : Forces & torques acting on the steering wheel-column assembly [7]. 
 
Steering Time means the period of time from the beginning of the movement of the 
steering control to the moment at which the steered wheels have reached a specific 
steering angle. 
2.1.2 Steering column assembly 
The steering column positions the steering wheel in the cabin in relation to driver and 
connects the steering wheel to steering gear. The most important function of the 
steering column assembly is transmitting torque to the steering gear. As a second 
function, it has to compensate the relative motions (angular or translational) of the 









Figure 2.3 : Steering column assembly. 
 
MP-2S61-110400-C2, Vers. 26 (May 2000) 
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The steering column assembly consists of upper and lower shafts, two U-joints and 
an intermediate shaft between the U-joints. The first U-joint is connecting the upper 
shaft with the intermediate shaft and the second one is connecting the intermediate 
shaft with the lower shaft. For each of these U-joints the output velocity is not equal 
to the input velocity. According to the actual angle of rotation measured at the input 
shaft θ the output velocity may be larger (θ=0º, when the input pin is in the joint 
plane) or smaller (θ=90º, when the input pin is perpendicular to the joint plane) than 
the input velocity. Figure 2.4 presents the input-output velocity relationship of the U-
joints. 
 
Figure 2.4 : Input-Output velocity relationship of U-joints. 
 
The orientation of the U-joints affects the non-uniformity caused by the steering 
column assembly. The average steering ratio should be smooth for the full range of 
steering wheel operation so the driver should not feel an oscillating torque feedback 
caused by steering column non-uniformity. There are three different design options 
that can be followed during U-joint orientation adjustments which are presented in 
Figure 2.5. 
2.1.2.1 Optimum design 
The non-uniformity is designed down to a level that the phase is not relevant. 
2.1.2.2 Slow on-center option 
The steering ratio is highest on the center of the steering wheel position. It goes 
along with a minimum output velocity at the gear input shaft compared with the 
steering wheel velocity. The advantage of this design is that the steering wheel 
torque is also at a minimum on the center and increases when the steering wheel is 
rotated out of the center. This phenomenon provides a good center feel. 
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2.1.2.3 Fast on-center option 
The steering ratio is at a minimum on the center of the wheel position. It goes along 
with a maximum output velocity at the gear input on the center.  
 
Figure 2.5 : On-Center characteristics with different non-uniformity designs. 
 
2.1.3 Steering gear 
The steering gear is a gearbox that multiplies steering input torque and changes its 
direction. The recirculating ball steering gears contain a worm gear. The worm gear 
has a round thread in which ball bearings run, which carry the ball nut rack with 
them when the steering wheel is rotated. The ball nut rack has teeth on one side 
which mesh with the sector gear and therefore with the sector shaft on which pitman 
arm is connected. Figure 2.6 presents an overview of. recirculating ball steering gear. 
The recirculating balls are used mainly for decreasing the friction and wear in the 
gear. In addition to this, they do not permit the gears to lose contact when the 
rotating direction changes suddenly and results in confident steering feeling. 
Hydraulic power assistance in a recirculating ball steering gear system works 
similarly to a rack-and-pinion system. The power assist is provided by supplying 
higher pressure fluid to the one side of the ball nut rack. 
Figure 2.7, Figure 2.8 and Figure 2.9 present the pressure distribution in the 
recirculating ball steering gear when the steering wheel is in the middle position, 








Figure 2.6 : Overview of recirculating ball steering gears [12]. 
 
 
Figure 2.7 : Pressure distribution inside the steering gear when  
steering wheel is in the middle. 
 
A -  Casing 
B -  Ball Nut Rack 
C -  Steering Shaft 
D -  Worm Gear 
E -  T-Bar (tuning part for assist) 
F -  Sector Gear 
G -  Pressure Regulator 
H -  Check Valve 
Q -  Reservoir 
R -  Hydraulic Pump 
S -  Flow Restrictor Valve 
 
Returnal (Low Pressure) 
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Figure 2.8 : Pressure distribution inside the steering gear when  
   steering wheel is rotated to right. 
 
Figure 2.9 : Pressure distribution inside the steering gear when  
   steering wheel is rotated to left. 
J -  Gap for Assist 
K -  Gap for Assist 
L -  Gap for Returnal 
M -  Gap for Returnal 
N -  Axial duct 
O -  Axial duct 
P -  Duct for Returnal  







J -  Gap for Assist 
K -  Gap for Assist 
L -  Gap for Returnal 
M -  Gap for Returnal 
N -  Axial duct 
O -  Axial duct 
P -  Duct for Returnal  








2.1.4 Pitman arm 
The pitman arm is one of the linkages in the steering system which converts the 
output torque (angular motion) generated by the steering gear into a force (linear 
motion) to the drag link. Pitman arm has a tapered hole and full splines on the upper 
end to be attached to the sector shaft. On the lower end, it is connected with the drag 
link via a tapered hole and ball-joint. Pitman arm-to-drag link ball joint hardpoint is 
one of the most important hardpoints that affect the vehicle suspension kinematics. A 






Figure 2.10 : A sample pitman arm. 
2.1.5 Drag link 
Drag link is a forged rod that connects the pitman arm to upper steering arm. It has 
ball joints in both ends and the length of the rod is adjustable at one end which makes 
it easy to center the steering gear with the wheels straight ahead. Drag link-to-upper 
steering arm hardpoint is one of the parameters that is used during the hardpoint 









Figure 2.11 : A partial drag link section [7]. 
Full Splines & Tapered Hole 












2.1.6 Upper steering arm 
Upper steering arm is a forged or casted part which enables the connection between 
drag link and knuckle. It converts the translational force directed from drag link into 
a rotational moment on driver side knuckle and wheels. The sweeping area of the 
upper steering arm should be taken into consideration during the optimization of  
drag link-to-upper steering arm in order to prevent packaging issues. The overall 
steering ratio is highly dependent on the length of the upper steering arm which is 
defined by the drag link-to-upper steering arm hardpoint and upper steering arm-to-
knuckle hardpoint. 
Overall steering ratio is defined as the ratio between the turn of the steering wheel 
angle and the road wheel angle.  
The connections of a sample upper steering arm are presented in Figure 2.12.   
 
 
Figure 2.12 : A sample upper steering arm [7]. 
2.1.7 Knuckles 
The torque transferred by the upper steering arm rotates the driver-side knuckle and 
tire around the kingpin axis. The knuckles are connected to the front axle with 














order to steer the front wheel angles. Figure 2.13 illustrates a sectional view of 
knuckle in order to present the components used inside.   
Kingpin inclination angle and knuckle friction are the main parameters that affect the 
steering characteristics of the vehicle. Knuckle friction is mainly dependent on the 
radial and axial bearings that are used between the knuckle-kingpin and knuckle-axle 
interactions, respectively. There are two different type of radial bearings (or 
bushings) and axial bearings that are used in knuckle subsystems which result in 
different knuckle friction performances. Table 2.2 presents the average knuckle 
friction values for different bearing combinations which is highly dependent to the 
load on the knuckle (front axle load of the vehicle).      
 
Figure 2.13 : Sectional view of left hand side knuckle. 
 
Table 2.2 : Knuckle friction values for different bearing combinations. 
Combination-1 Combination-2 Combination-3 Combination-4
Axial Bearings Contact Roller Contact Roller
Radial Bearings Bronze Needle Needle Bronze
Approximate Knuckle 




2.1.7.1 Needle roller bearing (Radial) 
Needle roller bearings are roller bearings with cylindrical rollers that are small in 
diameter. In spite of their low cross section, needle roller bearings have a high load 
carrying capacity and are therefore extremely suitable for bearing arrangements 
where radial space is limited. Figure 2.14 presents a sample needle roller bearing 
cross-section. 
movement and operation with no maintenance. Figure 2.15 presents a sample bronze 
bearing/bushing. 
 
Figure 2.14 : A sample needle roller bearing [13]. 
2.1.7.2 Bronze bearing/bushing (Radial) 
Bronze bushings are dry sliding journal bearings made of copper. They are intended 
for radially loaded bearing arrangements for oscillating, rotational and linear 
movement and operation with no maintenance. Figure 2.15 presents a sample bronze 
bearing/bushing. 
 
Figure 2.15 : A sample bronze bearing/bushing [13]. 
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2.1.7.3 Tapered roller thrust bearings (Axial) 
Tapered roller bearings have tapered inner and outer ring raceways between which 
tapered rollers are arranged. The projection lines of all the tapered surfaces meet at a 
common point on the bearing axis. Their design makes tapered roller bearings 
particularly suitable for the accommodation of combined (radial and axial) loads. A 
sample tapered roller thrust bearing is illustrated in Figure 2.16.  
 
Figure 2.16 : A sample tapered roller thrust bearing [13]. 
2.1.7.4 Axial plain bearings (Axial) 
Axial plain bearings are journal bearings that can carry purely or predominantly axial 
loads. Figure 2.17 presents a sample axial plain bearing that can be used between 
axle and knuckles. 
 
Figure 2.17 : A sample axial plain bearing [13]. 
2.1.8 Lower steering arms 
Lower steering arms are forged or casted parts which are connected to the knuckles 
on both sides. The left-hand side lower steering arm converts the rotating motion of 
left-hand side knuckle in to a translational motion on tierod in order to steer the right- 
hand side wheel.  
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Lower steering arm-to-tierod hardpoints generate the trapezoid geometry on the front 
axle thus affects the ackerrman geometry of the front axle. Lower steering arm-to-
tierod hardpoints are the main parameters that are used during the hardpoint 
optimization study in order to decrease the ackerrman error during full steering 
range. 







Figure 2.18 : A sample lower steering arm [7]. 
2.1.9 Tierod 
The tierod is a tubular rod with two ball joints at the ends which connects the left-
hand side lower steering arm to right-hand side lower steering arm, therefore it 
tranfers the rotational motion of left wheel to right wheels.  
The length of the tierod is adjustable in order to perform the front alignment (toe 
settings) of the vehicle. Figure 2.19 presents a sample tierod with its connections. 
The sweeping areas of the lower steering arm and tierod should be taken into 
consideration during the optimization of  lower steering arm-to-tierod hardpoints in 




















Figure 2.19 : A sample tierod [7]. 
2.2 Steering Kinematics and Characteristics of a HCV 
The steering kinematics of a HCV is highly dependent on the type of steering and 
suspension systems. In addition to this, the design optimizations should be performed 
well integrated between the steering and suspension systems since their harmony 
plays an important role in achieving the required steering characteristics of the total 
vehicle.  
The kinematic characteristics which form the steering performance of the total 
vehicle are highly affected from the same parameters which results in a complex 
optimization study. The kinematic characteristics should be investigated in detail in 
order to perform an accurate and fast optimization study. The following kinematic 
characteristics are the main contributors to the total vehicle steering, therefore, will 
be explained in detail; 
• Bumpsteer – steer angle change during vertical wheel travel (parallel) 
• Rollsteer – steer angle change during suspension roll (cornering) 
• Lateral compliance steer – steer angle change during lateral forces  
• Longitudinal compliance & wind-up steer – steer angle change during 
longitudinal forces (braking) 




















• Ackermann Geometry  
• Maximum Wheel Angle – maximum steer angle at full lock 
2.2.1 Bumpsteer 
Bumpsteer is the toe-in or toe-out of the front wheels as the suspension compresses 
or rebounds from its normal riding height. Bumpsteer affects the straight ahead 
controllability performance of the vehicle in a considerable manner. The intention of 
the designers should be minimizing bumpsteer in heavy commercial vehicles in order 
to provide a smooth straight ahead driving performance to drivers. 
The important parameter is the arc of travel of the drag link-to-upper steering arm 
balljoint and the instantaneous center of this arc. Figure 2.20 presents the ideal arc of 
drag link-to-upper steering arm and the center of that arc in order to prevent 
bumpsteer phenomena completely.   
   
 Figure 2.20 : Ideal arc of upper steering arm during vertical wheel travel [7]. 
It is not always possible to achieve this ideal arc due to package reasons. In order to 
minimize the bumpsteer, the arc of upper steering arm ball joint should be similar to 
the arc made by the axle-to-leafspring connection during vertical wheel travel. 
Otherwise, there is a chance of the front wheels rotating in parallel too much which 
results in a degradation on straight ahead controllability performance of the vehicle. 
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Figure 2.21 presents the rotation of front wheel angles in parallel, thus bumpsteer 
phenomena.  
 
   Figure 2.21 : Parallel rotation of front wheel angles [14]. 
The bumpsteer performance of the vehicle is mainly dependent on the following 
hardpoints of the front suspension; 
• Leafspring front eye bushing hardpoint, 
• Pitman arm-to-drag link hardpoint, 
• Leafspring-to-axle connection hardpoint, 
• Drag link-to-upper steering arm hardpoint. 
2.2.2 Rollsteer 
Rollsteer is defined as changes in steer angles of front wheels during body roll in a 
corner or asymetrical bumps and potholes. The rollsteer affects the handling and 
stability performance of the vehicle, therefore a change in the gradient of the steer 
angles as a function of roll angle should be prevented. Change in gradient results in 
unpredictable handling characteristics during cornering. In order to minimize the 
rollsteer characteristics of a solid axle, the leafspring front eye bushing hardpoint 
should be as close as possible to the centerline of the main leaf, otherwise the 
kinematics of left and right leafsprings will not be symmetric, thus rollsteer 
phenomena will occur. Figure 2.22 and 2.23 presents the top view and left hand side 
view of roll steer phenomena on a solid axle front suspensison. 
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Figure 2.22 : Top view of front axle during rollsteer [7]. 
 
 
Figure 2.23 : Left hand side view of front axle during rollsteer [7]. 
The rollsteer performance of the vehicle is mainly dependent on the following 
hardpoints; 
• Leafspring front eye bushing hardpoint, 
• Leafspring-to-axle connection hardpoint. 
2.2.3 Lateral compliance steer 
The lateral forces at the contact patch generated during cornering causes the wheel to 
rotate due to softer bushings used in the suspension and steering systems. Lateral 
compliance steer results in understeer on a front suspension which has a forward yaw 
center, on the other hand rearward yaw center will cause an oversteer. Figure 2.24 
illustrates the yaw center - U/S & O/S relationship.  
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Figure 2.24 : U/S & O/S relationship with yaw center 
                   during lateral compliance steer [15]. 
 
The best way to understand the effect of lateral compliance steer is to investigate the 
kinematics and compliance analysis of the vehicle. 
2.2.4 Longitudinal compliance & wind-up steer  
Longitudinal compliance steer can be defined as the steer angle change during 
braking and acceleration. It should be an important design parameter since it is 
directly connected to braking stability and torque steer performance (FWD vehicles) 
of the vehicles. 
In addition to the longitudinal compliance steer during braking, wind-up steer can 
occur during braking due to leafspring wind-up. In order to decrease or cancel wind-
up steer effect, the drag link-to-upper steering arm ball joint should lie on the center 
of rotation of the leafspring during braking. Figure 2.25 presents the wind-up steer 
effect caused by the leafspring rotation around y-axis of the vehicle and drag link-to-
upper steering arm hardpoint.  
Wind-up steer effect should also be considered during suspension and steering 








Figure 2.25 : Potential steering effect of wind-up steer [7]. 
 
2.2.5 Rollcamber 
Rollcamber can be defined as the camber angle change during cornering of the 
vehicle. Camber angle on a wheel produces lateral force known as camber thrust. 
Figure 2.26 presents the camber thrust phenomena.  
 
Figure 2.26 : Camber thrust phenomena [16]. 
Camber angle and its change during cornering produces much less lateral force than 
the slip angles generate. This amount is smaller on solid axles (approximately 10% 
percent of the lateral force caused by slip angles) since the camber angle changes are 
lower. 
2.2.6 Ackermann geometry 
Ackermann geometry is the geometric arrangement of the steering linkages of a 
vehicle in order to allow to rotate the inside and outside wheels of the vehicle in 
different angles during cornering. Inside wheel should follow a smaller radius than 
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the outside wheel when the vehicle travels round a bend. Figure 2.27 illustrates an 
example of inner and outer wheel angles during cornering in true rolling condition. 
 
Figure 2.27 : Inner and outer wheels during cornering (where δi > δo) [15]. 
True rolling of the wheel is achieved when the wheel is moving along the 
longitudinal axis of the wheel. When the wheel is moving along the direction which 
is a combination of lateral and longitudinal direction vectors, the movement of the 
wheel will be combination of lateral distortion and true rollling. 
Ackermann geometry is able to fulfill true rolling conditions at only three points of a 
full lock-to-lock steering. One of the three condition is when the vehicle is going 
straight, and the other two are when the vehicel turns at a correct angle to the right 
and left. Other than these mentioned three points, some difference occurs which is 
called as Ackerrman error. Figure 2.28 presents that three condition where pure 
rolling occurs. 
 
Figure 2.28 : Three conditions where pure rolling occurs [15]. 
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Ackermann error is the difference between the steer angle and ideal steer angle for 
Ackermann geometry. 
Ackermann Error (Left) = Left Steer Angle – Left Ideal Steer Angle                     (2.1) 
Ackermann Error (Right) = Right Steer Angle – Right Ideal Steer Angle                 (2.2) 
Another way of defining the compatibility of a steering geometry with Ackermann 
geometry is percent Ackermann @ a specific wheel angle. Percent Ackermann is the 
ratio of actual Ackermann to ideal Ackermann expressed as percentage. 
Actual Ackermann = Right Steer Angle – Left Steer Angle                          (2.3) 
Ideal Ackermann = Right Ideal Steer Angle – Left Ideal Steer Angle                   (2.4) 
Percent Ackermann = (Actual Ackermann / Ideal Ackermann)x100                    (2.5) 
2.2.7 Maximum wheel angle 
The maximum wheel angle of a vehicle @ full steering wheel lock position is mainly 
dependent on the kinematics of the linkages and package constraints. Maximum 
wheel angle @ full steering wheel lock position directly affects the minimum turning 
radius characteristics and maneuvrability performance of the vehicle which are 
important parameters for drivers. Therefore, maximum wheel angle should be an 









































3.  METHODOLOGY & RESULTS 
ADAMS, Automatic Dynamic Analysis of Mechanical Systems, is originated by a 
group of researchers at the University of Michigan. As its’ abbreviation indicates, 
ADAMS is a dynamic system simulation software used for mainly building and 
testing virtual prototypes of mechanical systems. ADAMS has been a part of 
MSC.Software Corporation since 2002, thus known as MSC.ADAMS. The core 
products of MSC.ADAMS are a general purpose modeling environment, 
ADAMS/View, a state-of the art numerical solution environment, ADAMS/Solver 
and a graphical interface for visualizing simulation results, ADAMS/PostProcessor. 
ADAMS/Car is one of the industry-specific products of MSC.Software and it was 
developed in collaboration with a consortium of automakers including Audi, BMW, 
Renault and Volvo. ADAMS/Car has been used in almost every-type of vehicle 
design, from passenger cars to heavy commercial vehicles. Template-based modeling 
and simulation tools of ADAMS/Car speed-up and simplify the modeling & 
simulation process of the vehicles. In addition to these, ADAMS/Car bridges the 
departments by sharing models, data and results. Figure 3.1 presents the 
communications between departments that is supported by ADAMS/Car. 
 
Figure 3.1 : Communications between departments that ADAMS/Car supports [17]. 
The basic process of the virtual prototyping starts with the building of the CAE 
model. After this step, some test simulations of the model is performed and the 
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results are validated with the actual test results. The correlation of the CAE model 
should be completed and verified before starting the optimization studies and 
iterations. Figure 3.2 summarizes the virtual prototyping process as a flowchart. 
 
Figure 3.2 : Virtual prototyping process as a flowchart [18]. 
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4 main sections which cover all steps of virtual prototyping process are followed in 
this study. 
1. Building the Full-Vehicle ADAMS/Car of a 4x2 Tractor [Build] 
2. Validation of the ADAMS/Car Model Before Optimization Studies [Test, 
Validate & Refine] 
3. Hardpoint Optimization & Results [Iterate, Optimize & Automate] 
4. Vehicle Level Improvements of the Hardpoint Optimization (Objectively & 
Subjectively)   
3.1 Building Full-Vehicle ADAMS/Car Model of a 4x2 Tractor 
The full-vehicle ADAMS/Car model building process is divided into two parts; using 
the built-in templates & preparing new templates. It is easy to use the built-in 
templates since the user only needs to enter the required data into the template and 
ADAMS/Car automatically constructs subsystem models and full-vehicle 
assemblies. In order to understand, whether it is possible to use the built-in templates 
or not, the real vehicle subsystems and built-in templates are compared. 
Table 3.1 presents an overview of vehicle specifications. 
Table 3.1 : Vehicle specifications of the selected 4x2 tractor. 
Vehicle Specifications of 4x2 Tractor
Axle Loads (Curb)
Front Axle (Left / Right) 2495 kg / 2427 kg
Energia 3000 / 5500








Power Assisted Recirculating type
470 mm
LASSA
Rear Axle (Left / Right) 1344 kg / 1272 kg
Pressures
Make




2065 mm / 1840 mm
Solid Axle with leaf springs
36 mm













The real vehicle can be categorized into 6 main subsystems; front suspension, 
steering system, rear suspension, chassis frame, tires and wheels, cabin suspension 
and cabin. The subsystems which are related with the hardpoint optimization study 
(front suspension and steering system) will be explained in details together with real-
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vehicle & ADAMS/Car model comparison. Overview information will be provided 
for the other subsystems. 
3.1.1 Front suspension 
The vehicle has a solid axle type front suspension which has the following major 
parts; axle, leafsprings, antiroll bar, antiroll bar links and knuckles. Figure 3.3 













Figure 3.3 : Isometric view of the front suspension. 
The suspension angles of the front suspension at curb loading condition are presented 
in Table 3.2. 
The modeling process of front suspension will be presented using the graphical 
topology feature of ADAMS/Car, where all connectors and joints on a part can be 
observed. 
The modeling process of front suspension will be presented using the graphical 




Table 3.2 : Suspension angles of front suspension. 
Left Right
Toe 0.00o ± 0.05o 0.00o ± 0.05o
Camber 0.50o ± 0.50o 0.50o ± 0.50o
Caster 3.75o ± 0.75o 3.75o ± 0.75o
KPI 6.45o ± 0.50o 6.45o ± 0.50o
 
3.1.1.1 Axle 
Axle is the main part of the front suspension where all parts are connected to it and it 
is modeled as a rigid element. Knuckles, antiroll bar, shock absorbers and leafsprings 
are connected to the axle. Figure 3.4 presents the parts and joints that are connected 








































Leafsprings of the front suspension are modeled as beam-elements. In order to have 
an accurate leafspring model, which is one of the most important parts in the front 
suspension; series of data are needed such as, geometry of leafspring at free position 
and bushing rates of the leafspring. The above mentioned data are supplied to 
Leafspring Pre-Processor, which is a tool used for leafspring modeling in ADAMS, 
and the leafspring model is generated.  
3D geometric scanning should be performed on the leafspring in order to achieve the 
geometry of leafspring. Figure 3.5 shows the geometry of the leafspring which is 










Figure 3.5 : Geometry of leafspring after 3D scanning. 
Leafsprings are connected to chassis with three identical bushings, one in the front 
called front eye, the second one in the rear which is between links called shackles 
and leafspring, and the third one is between the shackles and chassis. Physical 
measurements of the leafspring bushings are performed and the stiffness data is 
updated accordingly in the model. The bushings have local coordinates and the 
names are given according to that local coordinate system which is presented in 
Figure 3.6. 
Figure 3.7, Figure 3.8, Figure 3.9 and Figure 3.10 present the radial x-y, axial, 










Figure 3.6 : Bushing local coordinate system. 
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Figure 3.10 : Torsional stiffness plot of leafspring bushings. 
The 3D geometric scanning results and bushing measurements are used as inputs for 
Leafspring Pre-Processor tool of ADAMS and the leafspring model is formed with 
that tool. Figure 3.11 presents a screenshot from Leafspring Pre-processor. 
The leafspring model which is formed using the Leafspring Pre-Processor tool is 
presented in Figure 3.12. 
The leafspring model is verified with actual force-deflection measurements before 
implementing it in the model. Figure 3.13 shows the force – deflection measurements 




Figure 3.11 : Screenshot of Leafspring Pre-Processor. 
 
Figure 3.12 : Leafspring model generated using Leafspring Pre-Processor. 
 





Figure 3.14 : Force-deflection correlation of the leafspring. 
Figure 3.14 shows that the stiffness and hysteresis of the leafspring model simulates 
the real-life performance. 
3.1.1.3 Antiroll bar 
Antiroll Bar is modeled with beam-element feature of ADAMS. The “BEAM” 
statement defines massless elastic beam with a uniform cross-section. The beam 
transmits forces and torques between two markers in accordance with either linear 
Timeshenko beam theory or the non-linear Euler-Bernoulli theory. Figure 3.15 
shows the two markers (I and J) that define the extremities of the beam and indicates 
the twelve forces (s1 to s12) it produces. 
Figure 3.15 : Forces between the markers of a beam. 
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The beam statement applies the following forces to the “I marker” in response 
relative motion of “I marker” with respect to “J marker”.  
• Axial forces (s1 to s7) 
• Bending moments (s5, s6, s11 and s12) 
• Twisting moments (s4 and s10) 
• Shear forces (s2, s3, s8 and s9) 
30 beam elements are used to model the front anti-roll bar. The number should be 
selected as small as possible to decrease the simulation timing and as much as 
possible to give accurate results. Therefore, the number of beam elements are 
decreased in the straight sections of antiroll bar and increased in the bending 
locations. Figure 3.16 shows the antiroll bar model with its links and bushings.  
 
Figure 3.16 : Front axle antiroll bar model. 
Antiroll bar is connected to the chassis with links at the ends and axle from two 
points with bushings. Physical measurements of the antiroll bar bushings are 
performed and the stiffness data is updated accordingly. Antiroll bar bushing is free 
to rotate and slide in antiroll bar axis, therefore axial and torsional stiffness’s are 
assumed to be zero. Figure 3.17 and Figure 3.18 presents the radial and conical 
stiffness plots of the antiroll bar bushing, respectively. 
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Figure 3.17 : Radial – X & Radial – Y stiffness plots of antiroll bar bushing. 
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Figure 3.18 : Conical – X&Y stiffness plot of antiroll bar bushing. 
3.1.2 Steering system 
The steering system of the vehicle consists of a steering wheel, a steering column 
with translational joint, a recirculating ball type steering box, a pitman arm, a drag 
link, an upper steering arm, two lower steering arms and a tierod. Figure 3.19 shows 
an isometric view of the steering system of the vehicle. 
3.1.2.1 Steering wheel 
The steering wheel of the vehicle has a diameter of 470 mm, which directly affects 
the needed driver efforts.  
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Figure 3.19 : Isometric view of the steering system. 
 
3.1.2.2 Steering column 
The steering column of the vehicle consists of two universal joints and an 
intermediate shaft with a translational joint. The translational joint is used in order to 
compensate the cabin movements relative to chassis.  
The correct orientation of the U-joints within the steering column influences the 
subsystem performances of the vehicle. For each of these U-joints, the output 
velocity normally is not equal to the input velocity. According to the actual angle of 
rotation measured at the input shaft, the output velocity may be larger or smaller than 
the input velocity. By packaging the two U-joints in line in a suitable manner, the 
non-uniformity of the steering column subsystem can be optimized, thus the vehicle 
level performances. It is essential for proper modeling to understand the steering 
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Figure 3.20 : Steering column mechanism & angles for steering column model. 
 
3.1.2.3 Steering box 
The steering box of the vehicle has a variable ratio which results in high torque levels 
on center and decreases the parking efforts towards to steering wheel lock. Figure 
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3.1.2.4 Pitman arm, drag link, upper -lower steering arms and tierod 
Pitman arm, drag link, upper steering arm, lower steering arms and tierod are the 
linkages that mainly define the kinematic characteristics of the steering system such 
as bumpsteer, rollsteer, etc.  
The following hardpoints affect the kinematic characteristics; 
• Pitman Arm – to – Drag Link (Ball Joint) 
• Drag Link – to – Upper Steering Arm (Ball Joint) 
• Lower Steering Arms – to – Tierod (Ball Joint) 






















































3.1.3 Rear suspension 
The vehicle has a solid axle type rear suspension which has the following major 
parts; differential, 4 airsprings, antiroll bar, antiroll bar links, V-rod, I-rods and hubs. 
Figure 3.23 presents the rear suspension of the real vehicle which has been drawn in 
CAD environment. 
 
Figure 3.23 : Isometric view of the rear suspension. 
 
The suspension angles of the rear suspension at curb loading condition are presented 
in Table 3.3. 
Table 3.3 : Suspension angles of rear suspension. 
Left Right
Toe 0.00o ± 0.05o 0.00o ± 0.05o
Camber -0.50o ± 0.50o -0.50o ± 0.50o
 
• Differential, shafts and hubs are modeled as lumped mass. 
• Force-deflection measurements (adiabatic) of the airsprings on different 
initial internal pressures are entered into the model. Figure 3.24 presents the 
force-deflection plots that are used for model building. 
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) 1 bar @ 0 mm
3 bar @ 0 mm
5 bar @ 0 mm
7 bar @ 0 mm
 
Figure 3.24 : Force-deflection measurements of airsprings (adiabatic). 
 
• Rear antiroll bar is modeled as beam-elements just like the front antiroll bar. 
Antiroll bar links are modeled as rigid elements. 
• V-rod isconnected to differential at one end and chassi frame at the other ends 
by bushings. V-rod, itself, is modeled as rigid element, however all bushing 
stiffness are physically measured and entered into the model.  
• There are two I-rods at both sides of the rear axle. They are connected to the 
axle at one end and chassis frame at the other end by bushings. The bushings 
are physically measured and  entered into the model. 
3.1.4 Chassis frame 
Chassis Frame is the main part of the vehicle where all subsystems and parts are 
connected. It is modeled as a rigid component; however it can be modeled as a 
flexible body if a further model improvement is needed. Figure 3.25 presents the 
parts and joints that are connected to the chassis frame. 
3.1.5 Tires and wheels 
The force and moment characteristics of the front and rear tires should be measured 
on Flattrac test systems in order to estimate the magic tire formula coefficients and 
enter them into the ADAMS model. The Flattrac measurements are performed in 5 
different camber angles (-2o, -1 o, 0 o, +1 o, +2 o), and 5 different vertical loading 
conditions (%25, %50, %100, %150 and %200 of the nominal load). 
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Figure 3.25 : Graphical topology of the chassis frame. 
 
A curve-fitting tool is used in order to estimate the magic tire formula coefficients 
and a sample correlation with the estimated coefficients for Fy vs. slip angle is 
presented in Figure 3.26. 
The wheels are modeled as a lumped mass with the proper moment of inertia values 
at the tip of the axle. 
3.1.6 Cabin suspension and cabin 
The cabin suspension of the vehicle consists of 4 struts (spring-damper), 2 horizontal 
dampers, 2 levering arms, 2 towers and a bridging part at the rear. All parts are 
connected to each other via bushings and physical measurement results of those 
bushings are entered into the model. 
The center of gravity height and moment of inertia values of the cabin are measured 
on a VIMF (Vehicle Inertia Measurement Facility) with appropriate brackets and 
















































































































Magic Tire Formula Model
 
Figure 3.26 : Pajecka tire model correlation. 
 
3.2 ADAMS/Car Model Validation Before Hardpoint Optimizations 
In order to use the full-vehicle ADAMS/Car model of the 4x2 tractor during the 
optimization studies, the model should fully represent the real-life performance. 
There are several model correlation methodologies which results in good correlation 
levels and enables the usage of the model during CAE simulations and optimizations. 
However, all of these correlation methodologies require some subsystem, system and 
vehicle level objective measurements. 
Model correlation is divided into main three parts; static, kinematic & dynamic. 
The model will be used in hardpoint and suspension characteristics optimization 
studies, so dynamic characteristics are not essential to be fully correlated. According 
to this fact, only static and kinematics of the model will be correlated.  
3.2.1 Static Correlation 
The static correlation means the axle loads, CoG height, sprung-unsprung mass, 
moment of inertias etc. of the vehicle. The model values and real-life vehicle 
measurements are presented in Table 3.4. 
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REAL VEHICLE ADAMS MODEL
CoG Height (mm)
[from ground]
Front Axle Unsprung Mass (kg)






Vehicle Inertia Measurements are not so easy to be performed for HCV in real-life 
and therefore difficult to correlate. Moment of inertia values of the CAE models are 
only important if the model will be used in dynamic correlation. 
3.2.2 Kinematics & Compliance correlation 
The kinematic correlation of the model will be performed using the Kinematics & 
Compliance (K&C) measurements of the real vehicle. K&C measurement is a special 
type of vehicle suspension testing. The “K” letter stands for “Kinematics” and means 
suspension geometry, the “C” letter is used for “Compliance” and means suspension 
elasticity. Figure 3.27 shows that total suspension system is the combination of 
kinematics and compliances of the suspension. 
 
Figure 3.27 : Kinematics and compliance explanation [19]. 
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The Kinematic & Compliance measurement of the mentioned vehicle is performed 













Figure 3.28 : Front and rear axle K&C measurements. 
The Kinematics & Compliance measurement contains several different tests which 
are explained in detail in the following sections. Each section will consist of test 
description, metric description and model correlation level. 
3.2.2.1 Vertical motion test (Front Axle) 
The front axle of the vehicle is subjected to pure bounce motion. This is performed 
by moving the left and right platforms in phase while steering wheel is fixed and 
brakes are on. During this vertical motion test, lateral-longitudinal forces and 
aligning moments are maintained at zero at each tire contact patch to allow the 
suspension move freely without binding. The test is performed almost quasi-
statically in order to cancel the effects of damping and inertial forces of the 
suspension. The front axle characteristics that are measured and correlated in vertical 
motion test (front axle) are as follows; 
Wheel rate [Fz vs. zwheel] 
Vertical wheel load vs. wheel travel plots of ADAMS model should align very 
closely with K&C measurements. Since all aspects of handling and ride are affected 
by vertical wheel rate of the vehicle, a great deal of attention should be given for the 
correlation of this metric. The vertical wheel rate plots (left & right) are a check of 
corner weights, primary spring rates, bushing rates, engagement points and shapes of 
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jounce and rebound bumpers. Figure 3.29 presents the vertical wheel rate correlation 














Figure 3.29 : Vertical wheel rate. 
The wheel rate correlation is deemed acceptable if the difference in vertical load 
between the model and test data is 500 N during 75 mm jounce and 50 mm rebound 
suspension travel. 
Bumpsteer [ zwheel vs. Steer Angle] 
Bumpsteer is the phenomena where the wheel of the vehicle steers when the 
suspension goes upwards or downwards. Excessive bumpsteer on a vehicle results in 
a bad straight ahead controllability performance. The vehicles which use 
recirculating ball – pitman arm type steering systems have more tendency to observe 
the effects of bumpsteer phenomena. Figure 3.30 shows the bumpsteer characteristics 
which should be one of the most important optimization responses in order to 
improve the straight ahead controllability performance of the vehicle. 
The bumpsteer correlation is deemed acceptable if the difference in steer angle 
between the model and test data is 0.1 deg during 50 mm jounce and 50 mm rebound 
suspension travel. 
The bumpsteer correlation of the model is performed using the tolerance ranges of 
the following hardpoints ; 
 Pitman Arm – Drag Link hardpoint 
 Drag Link – Upper Steering Arm hardpoint 
 Tierod – Lower Steering Arm hardpoints 


























Figure 3.30 : Bumpsteer characteristics. 
 
Bumpcaster [zwheel vs. Caster Angle ] 
Bumpcaster is the caster angle change during jounce and rebound travel of the 
vehicle suspension. The bump caster performance of the vehicle has a strong 
influence on the anti-dive characteristics of the vehicle. 
Figure 3.31 presents the correlation of bumcaster characteristics. 
The correlation of this metric in ADAMS model is performed using the leafspring 
model, leafspring-to-axle bushing and hub compliance bushing. 
The bumpcaster correlation is deemed acceptable if the difference in caster angle 
between the model and test data is 0.3 deg during 50 mm jounce and 50 mm rebound 
suspension travel. 
Vertical wheel tavel vs. longitudinal displacement of wheel center  
[ zwheel vs. xwheel ] 
The longitudinal displacement of wheel center during vertical wheel travel has a 
strong influence on bumpsteer performance of the vehicle. In addition to this, the 
impact harshness performance of the front axle is directly affected by the amount of 
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Figure 3.32 presents the correlation oflongitudinal wheel center displacement vs. 
vertical wheel travel characteristics.  
The correlation of this metric in ADAMS model is performed using the leafspring 
model, leafspring to axle bushing and hub compliance bushing. 
There is not any correlation standard for longitudinal wheel center displacement 
during vertical wheel travel, since it is characteristic is strongly dependent on the 
correlation level of other parameters such as bumpsteer and bumpcaster. 
3.2.2.2 Roll motion test (Front Axle) 
The front axle of the vehicle is subjected to pure roll motion. This is performed by 
moving the left and right platforms out of phase while steering wheel is fixed and 
brakes are on. During this roll motion test, lateral-longitudinal forces and aligning 
moments are maintained at zero at each tire contact patch to allow the suspension roll 
freely without binding. The roll motion test could be performed about a fixed axis in 
the ground plane or about the natural roll axis of the suspension. The advantage of 
the roll motion test about the natural roll axis is that compensation is provided to 
allow pitch and heave in order to keep front and rear axle loads constant. The data 
which are presented in the following figures are collected while the roll motion test is 
performed about a natural roll axis. The test is performed almost quasi-statically in 
order to cancel the effects of damping and inertial forces of the suspension. The front 
axle characteristics that are measured and correlated in roll motion test (front axle) 
are as follows; 
Roll stiffness [ Fz vs. zwheel ] 
Vertical wheel load vs. vertical wheel travel (out-of-phase) plots of ADAMS model 
should be well correlated with the actual K&C measurements since roll stiffness of 
the suspension is the main parameter that affects the vehicle handling performance. 
In order to make the roll stiffness correlation of the ADAMS model, K&C 
measurements are performed with and without front anti-roll bar. As a first step, 
without anti-roll bar correlation should be checked. If there is a mismatch between 
the model and test results, chassis & attachment flexibilities should be checked since 
the vertical motion characteristics are correlated well before this step. When the roll 
stiffness correlation without anti-roll bar is satisfactory, roll stiffness with anti-roll 
bar correlation can be performed.  
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Figure 3.33 presents the correlation of roll stiffness characteristics  
The major parameters that affect the correlation performance of the roll stiffness with 
anti-roll bar are the anti-roll bar model and anti-roll bar bushing stiffness. It is always 
the best case to put the measured bushing stiffness data in the ADAMS model since 
the stiffness tolerance ranges of bushings are around 20%. 
 
Figure 3.33 : Roll stiffness characteristics. 
 
The roll stiffness correlation is deemed acceptable if the difference in vertical load 
between the model and test data is 500 N during 75 mm jounce and 50 mm rebound 
suspension travel. 
Rollsteer [ Roll Angle vs. Steer Angle ] 
Rollsteer is the change in steer angle while suspension of the vehicle makes a roll 
motion. Rollsteer is a good tuning parameter to adjust the vehicles handling stability 
since the vehicle developers can give easily roll-understeer or roll-oversteer. 
Rebound    Wheel Travel (mm)    Jounce 
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The correlation of this metric in ADAMS model is performed using the leafspring 
model and steering hardpoints. The correlation performance of rollsteer is presented 
in Figure 3.34.  
The information boxes placed on the corners of the plot indicate that if the curve 
goes in that direction it will result in roll-understeer or roll-oversteer. In Figure 3.34 
it can be clearly observed that the front axle of the vehicle has a significant roll-
understeer characteristic which will increase the understeer tendency of an understeer 
vehicle. 
 
Figure 3.34 : Rollsteer characteristics. 
 
The rollsteer correlation is deemed acceptable if the difference in steer angle between 
the model and test data is 0.1 deg during ± 5o roll angle of the suspension. 
3.2.2.3 Longitudinal compliance test (Front Axle) 
The longitudinal compliance test consists of two different sections; braking and 
acceleration. 
During braking compliance tests, longitudinal forces are applied in the direction of 
braking forces and corresponding loads, displacements and angles are measured. 











measured deflections will be due to kinematics as well as compliances. The 
magnitude, symmetry and hysteresis of deflections should be checked in order to 
confirm both kinematic and compliance performance of the suspension. 
Longitudinal forces are applied in the direction of traction forces during acceleration 
compliance tests and corresponding loads, displacements and angles are measured. 
The longitudinal compliance test during acceleration is only valid for driven axles, so 
it is not applicable for this vehicle’s front axle since it is a RWD vehicle. In addition 
to these, a transmission or drive train lock (differential lock) need to be used to 
transmit contact patch forces to the wheel centers.   
The front axle characteristics that are measured and correlated in longitudinal 
compliance test – Braking (front axle) are as follows; 
Longitudinal force vs. steer angle [ Fx vs. Steer Angle] 
Vehicle pull issues during braking are strongly dependent on the longitudinal force 
vs. steer angle & bumpsteer characteristics of the front axle. 
Figure 3.35 presents the correlation of longitudinal force vs. steer angle 
characteristics. 
The correlation of this metric in ADAMS model is mainly dependent on leafspring 
and hub compliance bushings. Leafspring models should not be modified during the 
correlation of this metric, but if there is a poor correlation it could mean that there 
might be incorrect definition of contact points, friction, axle offset from the spring or 
inactive length. 
The longitudinal force vs. steer angle correlation is deemed acceptable if the 
difference in steer angle between the model and test data is 0.15 deg during 0.25 g 
braking (approximately 7000 N).   
Longitudinal force vs. longitudinal displacement of wheel center 
[ Fx vs. xwheel ] 
The longitudinal force vs. longitudinal displacement of wheel center characteristic of 
the vehicle is called the fore-aft wheel center stiffness. This characteristic of the 
vehicle affects the braking stability and impact&harshness performance of the 
vehicle. 
Low fore-aft wheel center stiffness will result in front axle shake during braking. On 
the other hand, high fore-aft wheel center stiffness results in a bad impact-harshness 
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performance. The fore-aft wheel center stiffness of the front axle should be in an 
optimum range that it will cause any braking stability issues and give the best 
possible impact-harshness performance. 
Figure 3.36 presents the correlation of longitudinal force vs. longitudinal wheel 
center displacement characteristics. 
The correlation of this metric in ADAMS model is mainly dependent on leafspring 
bushing radial stiffness, leafspring approach angle, leafspring front-eye to axle 
distance and leafspring wind-up stiffness which are all parameters regarding the 
leafspring model. 
There is not any correlation standard for longitudinal wheel center displacement 









































































Figure 3.36 : Longitudinal force vs. longitudinal wheel center displacement 
        characteristics.    
3.2.2.4 Lateral compliance test (Front Axle) 
The lateral compliance test consists of two different sections; parallel and opposed. 
In parallel lateral compliance test, lateral forces are applied through left and right 
contact patches in the same direction. Corresponding loads, displacements and angles 
are measured at both wheels.  
During opposed lateral compliance test, lateral forces which are applied at left and 
right contact patches are in the opposing directions.  
The reason why parallel and opposing lateral compliance tests are both required is 
that, parallel lateral compliance test captures the effects of left/right suspension 
connection components such as antiroll bar and link bushings, however; opposed 
lateral compliance test eliminates the effects of suspension connection points and 
































Parallel lateral force vs. steer angle [ Fy vs. Steer Angle] 
The parallel lateral force vs. steer angle metric of the front axle is called lateral force 
compliance steer and it is one of the parameters that affects the overall understeer 
gradient characteristics of the vehicle. 
Figure 3.37 presents the correlation of parallel lateral force vs. steer angle 
characteristics. 
The correlation of this metric in ADAMS model is mainly dependent on leafspring, 
antiroll bar and hub compliance bushings. 
The parallel lateral force vs. steer angle correlation is deemed acceptable if the 
difference in steer angle between the model and test data is 0.1 deg during ± 10000 N 
lateral force. 
Parallel lateral force vs. lateral displacement of wheel center 
[ Fy vs. ywheel ] 
Parallel lateral force vs. lateral displacement of wheel center metric represents the 
suspension lateral stiffness of the front axle. Low level of lateral stiffness results in 
excessive compliance steer which decreases the handling stability of the vehicle. In 
addition to that, low lateral stiffness of the suspension might result in some error 
states on the vehicle such as high level of lateral shake in front axle during impacts 
and rough roads, steering shimmy issues, etc. 
Figure 3.38 presents the correlation of parallel lateral force vs. lateral wheel center 
displacement characteristics. 
The correlation of this metric in ADAMS model is mainly dependent on leafspring, 
antiroll bar and hub compliance bushings, therefore the correlation study of this 
metric should be performed inline with the parallel lateral force vs. steer angle metric 
correlation. 
There is not any correlation standard for lateral wheel center displacement during 




























Figure 3.37 : Parallel lateral force vs. steer angle characteristics. 
 
Figure 3.38 : Parallel lateral force vs. lateral wheel center displacement 
          characteristics. 
Lateral Wheel Center Displacement (mm) 
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3.2.2.5 Aligning torque test (Front Axle) 
The aligning torque test consists of two different sections; parallel and opposed. 
In parallel aligning torque test, aligning torques (Mz) are applied through left and 
right contact patches in the same direction (both clockwise or counter-clockwise). 
Corresponding loads, displacements and angles are measured at both wheels.  
During opposed aligning torque test, aligning torques which are applied at left and 
right contact patches are in the opposing directions. 
The reason why parallel and opposing aligning torque tests are both required is that, 
parallel aligning torque test captures the effects of left/right suspension connection 
components such as antiroll bar and link bushings, however; opposed aligning torque 
test eliminates the effects of suspension connection points and concentrates only on 
the individual corners. 
During cornering, lateral forces on the tires apply from a point that it is not directly 
on the wheel center projection. Therefore, the lateral forces transformed to the wheel 
center with a force-moment coupling. This phenomenon explains the importance of 
aligning torque test and its model correlation. In order to represent the real vehicle 
with the ADAMS model, lateral compliance and aligning torque tests metrics should 








Figure 3.39 : Tire forces during cornering. 
 
Parallel aligning torque vs. steer angle [ Mz vs. Steer Angle] 
Parallel aligning torque vs. steer angle characteristics of the front axle is one of the 
parameters that affects the overall understeer gradient of the vehicle just like the 
lateral force compliance steer metric. 
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Figure 3.40 presents the correlation of parallel aligning torque vs. steer angle 
characteristics 
The correlation of this metric in ADAMS model is mainly dependent on hub 
compliance bushings. 
The parallel lateral force vs. steer angle correlation is deemed acceptable if the 
difference in steer angle between the model and test data is 0.1 deg during ± 250 N.m 
lateral force.  
 
Figure 3.40 : Parallel aligning torque vs. steer angle characteristics. 
Parallel aligning torque vs. camber angle [ Mz vs. Camber Angle] 
Parallel aligning torque vs. camber angle characteristics of the front axle is the other 
parameter that needs to be correlated in order to represent the real-life vehicle. Either 
camber angle change or lateral wheel center displacement change of the ADAMS 
model should be correlated. 
Figure 3.41 presents the correlation of parallel aligning torque vs. canber angle 
characteristics. 
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The correlation of this metric in ADAMS model is mainly dependent on hub 
compliance bushings. 
There is not any correlation standard for camber angle change during parallel 
aligning torque, but it is strongly dependent with the correlation level of other 
characteristics. 
 
Figure 3.41 : Parallel aligning torque vs. camber angle characteristics. 
 
After completing the correlation of all kinematics and compliance metrics of the 
front suspension, the hardpoint optimization study can be performed with a high 
accuracy level. 
3.3 Hardpoint Optimization & Results 
The steering and suspension system hardpoint optimizations are performed to 
improve and optimize the bumpsteer and rollsteer characteristics of the selected 
vehicle. Ackermann error and maximum wheel angle @ full steering wheel lock are 
also included in the optimization study since the hardpoints that are going to be 
optimized directly affect these characteristics. The optimization range of all 
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hardpoints should be well-defined in order to fulfill other attribute and system 
performances such as durability, package and some steering system requirements.  
Figure 3.42 presents the initial hardpoints that are selected as candidates for 
bumpsteer and rollsteer optimization and Table 3.5 presents the coordinates with 
hardpoint definitions.  
The first design constraint for the optimization study is increasing the inner wheel 
angle from 39o to 45o at full steering wheel lock position in order to minimize the 
minimum turning radius performance of the vehicle. 
 
Figure 3.42 : Candidate hardpoints for optimization. 
 
Table 3.5 : Hardpoint definition table. 
Coordinate Hardpoint Definition
1 - x,y,z Steering Gear-to-Chassis Frame Hardpoint
2 - x,y,z Leafspring Front Eye Hardpoint
3 - x,y,z Pitman Arm-to-Drag Link Hardpoint
4 - x,y,z Drag Link-to-Upper Steering Arm Hardpoint
5 - x,y,z Lower Steering Arm-to-Tierod Hardpoint
6 - x,y,z Leafspring Rear Eye Hardpoint
 









Minimizing bumpsteer and rollsteer at the same time is the second design constraint 
for the optimization study. 
DC-2 : Minimize bumpsteer and rollsteer at the same time. 
Before starting the optimization study, the bumpsteer kinematics should be well-
understood. If the chassis frame is assumed to be ground, front suspension and 
steering system become a four bar linkage system in x-z plane with a variable length 
link. The assumption which is made in this four bar linkage system theory is that the 
chassis frame angle with respect to ground keeps constant during vertical motion of 
the front suspension. 
Links of the four bar linkage system are as follows; 
1. Chassis Frame 
2. Drag Link (which is connected to pitman arm (chassis frame in this 
assumption) and upper steering arm with spherical joints 
3. Part of the leafspring between the front eye and axle connection (distance 
between these two hardpoints is not constant during the vertical motion of the 
front suspension, thus this is the varying length link in the four bar linkage 
system) 
4. An imaginary link occurs between the drag link-to-upper steering arm and 
leafspring-to-axle hardpoints. 
Figure 3.43 presents the four bar linkage system on a left hand side view of the 
chassis frame, leafspring and steering linkages. 
If parallel four mechanism can be constructed with the linkages, the angle change of 
link 4 with respect to chassis frame will be zero during vertical wheel travel of the 
suspension, thus the caster angle (bumpcaster) and steer angle change (bumpsteer) of 
left hand side will be zero. In order to achieve parallel four bar mechanism, link 2 
and link 3 should be parallel to each other and the lengths of  link 2 and link 3 should 
be equal at design position. 
There are two difficult issues in constructing the parallel four bar mechanism. The 
first issue is controlling the length of link 3 which is a variable length link. In order 
to reduce the variation in the length of link 3, the following 3 items should be 
considered; 
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 Shape of the leafspring at design condition, 
 Length of the leafspring at design condition, 



















Figure 3.43 : Four bar linkage system assumption. 
 
The second issue is the length of link 4 in the four bar mechanism. The length of link 
4 is highly dependent on package requirements and it is relatively shorter than the 
other links. Since it is not possible to increase the length of link 4, the distance 
between hardpoint “a” and hardpoint “d” should be well-optimized.  
In the light of above mentioned information, the hardpoint optimization study leads 
to a rough design on the leafspring parameters; 
 Leafspring front eye hardpoint should be as close as possible to pitman arm-
to-drag link hardpoint, in order to be able to construct the parallel four bar 
mechanism by link 4 and ground link formed between hardpoints “a” & “d, 
 Leafspring should have linear profile in design condition, 
 Leafspring-to-axle hardpoint to leafspring front eye (link 3) length should be 
as long as possible, 








The above mentioned design parameters which are related to leafspring are also 
applicable for rollsteer optimization (minimization). There are additional two design 
parameters which should be considered for rollsteer optimization. 
As it is explained in the steering kinematics theory part, rollsteer is the steer angle 
change during roll motion of the vehicle where left hand side works to compression 
while right hand side works to rebound or vice versa. In order to minimize rollsteer 
phenomena, the displacement of leafspring-to-axle hardpoint in x-direction should be 
equal on the left and right hand side during roll motion. The longitudinal 
displacement of the leafspring-to-axle hardpoint is dependent on the approach angle 
of the leafspring. Therefore, the approach angle of the leafspring is one of the two 
design parameters for the leafspring which minimizes rollsteer performance of the 
vehicle. 
The second design parameter is to reduce the twisting of leafspring during roll 
motion. In order to minimize this twist motion, the leafspring-to-axle hardpoint 
(hardpoint “b”) should be as close as possible to the middle of the leafspring.  
The additional leafspring parameters which are needed to minimize the rollsteer 
phenomena are as follows; 
 Approach angle of the leafspring should be zero at design condition, 
 Leafspring-to-axle hardpoint should be as close as possible to the middle of 
leafspring. 
The candidate hardpoints are investigated in terms of package and system 
requirements and the following information have been found and required updates 
are made; 
 Steering gear orientation has been changed to make the pitman arm axis 
parallel to z-axis in order to achieve more efficient torque output and 
symmetric responses in left and right turn of steering system. Figure 3.44 
presents the steering gear orientation change. With this change 1-X, 1-Y, 1-Z, 
3-X & 3-Y hardpoints are frozen and removed from the optimization 
hardpoint list.  
 The leafspring has been changed from 4-leaf design to 2-leaf design 
considering the design parameters affecting bumpsteer and rollsteer.  
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Figure 3.45 presents the leafspring design change. 2-X, 2-Y, 2-Z, 6-X, 6-Y and 6-Z 
hardpoints are frozen with this design change, thus will not be included in the 
hardpoint optimization study. 
  
Figure 3.44 : Steering gear orientation change. 
 
   
 
 
Figure 3.45 : Leafspring design change. 
Table 3.6 presents the remaining hardpoints for the optimization study after the 
mentioned design changes.  
Table 3.6 : Remaining hardpoints after steering box & leafspring design changes. 
Coordinate Hardpoint Definition
3 - z Pitman Arm-to-Drag Link Hardpoint
4 - x,y,z Drag Link-to-Upper Steering Arm Hardpoint
5 - x,y,z Lower Steering Arm-to-Tierod Hardpoint
 
For the bumpsteer, rollsteer and maximum wheel angle for the left hand side, 3-Z, 4-
X, 4-Y and 4-Z hardpoints are optimized. A full factorial optimization study is 
performed for all 3 design constraints with the following levels for each hardpoint;  
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 5 Levels for 3-Z hardpoint (-2, -1, 0, +1, +2) 
 7 Levels for 4-X hardpoint (-3, -2, -1, 0, +1, +2, +3) 
 3 Levels for 4-Y hardpoint (-1, 0, +1) 
 3 Levels for 4-Z hardpoint (-1, 0, +1) 
A full factorial optimization analysis will result in 315 simulations for each design 
constraint which makes 945 simulations in total. 
3.3.1 Bumpsteer optimization analysis 
Parallel wheel travel analysis until full jounce and full rebound conditions for the 
front suspension has been performed with the K&C correlated ADAMS/Car model 
of the vehicle in order to see the bumpsteer performance of the vehicle. Figure 3.46 
presents some sample optimization runs for the bumpsteer characteristics of the 
vehicle. 
 
Figure 3.46 : Sample bumpsteer optimization runs. 
3.3.2 Rollsteer optimization analysis 
Opposite wheel travel analysis for the front suspension has been performed in order 
to see the rollsteer performance of the vehicle. Figure 3.47 presents some sample 
optimization runs for the rollsteer characteristics. 
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Figure 3.47 : Sample rollsteer optimization runs. 
3.3.3 Maximum wheel angle @ full steering wheel lock position 
Steering analysis for the front suspension has been performed in order to see the 
maximum wheel angle performance with different hardpoints. A statistical approach 
is followed for this design constraint since the response is just a number. This 
statistical approach is not applicable to bumpseer and rollsteer performance of the 
vehicle since the characteristic during whole suspension travel is important rater than 
a peak value or another value. 
The main effects plots for the left hand side wheel angle at a left hand side turn are 
plotted using Minitab program and the 315 simulation results received from 
ADAMS/Car. Figure 3.48 presents the main effects plot for left hand side wheel 
angle at a left hand side turn. 
This statistical approach is used to postprocess huge amount of simulation results in a 
short time and discover the main contributor to the selected design constraint. Figure 
3.48 shows that the main contributor to the left wheel angle value at a left run is the 
3-Z hardpoint which is the z-coordinate of pitman arm-to-drag link hardpoint.  
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The same statictical approach is used for the left wheel angle value at a right hand 
side turn. Figure 3.49 presents the main effects plot for the left wheel angle at a right 
turn. 
 
Figure 3.48 : Main effects plot for left wheel angle at a left turn. 
 







According to the bumpsteer, rollsteer and maximum wheel angle optimization results 
3-Z, 4-X, 4-Y and 4-Z hardpoints are finalized. The remaining hardpoint are 
presented in Table 3.7 which are used for the Ackermann geometry optimization. 
Table 3.7 : Remaining hardpoints for the Ackermann geometry optimization. 
Coordinate Hardpoint Definition
5 - x,y,z Lower Steering Arm-to-Tierod Hardpoint
 
Figure 3.50 presents some sample optimization runs for ackermann geometry. The 
optimization strategy is to decrease the ackermann error in the mid steering wheel 
range and do not exceed the old design at the steering wheel locks. 
 
Figure 3.50 : Ackermann geometry optimization. 
 
A hardpoint set which gives optimum results for bumpsteer, rollsteer and ackermann 
error has been determined. Figure 3.51, Figure 3.52 and Figure 3.53 compares the 
old and optimized design results of bumpsteer, rollsteer and ackermann geometry, 
respectively. 
The steer angle during full vertical suspension travel remains between 0o – 0.1o with 




Figure 3.51 : Bumpsteer (old vs. optimized design). 
 
 
Figure 3.52 : Rollsteer (old vs. optimized design). 
 
The steer angle change during cornering is between -0.2o and 0.1o and not completely 
symmetric for the left and right roll angles due to leafspring geometry and leafspring-
to-axle hardpoint.  
Figure 3.54 presents the top views of old and optimized design to give an impression 




















Figure 3.53 : Ackermann error (old vs. optimized design). 
 
With the optimized hardpoints, Ackermann error during full steering wheel angle 
range is decreased which will result in less tire wear in the mid steering wheel angle 





Figure 3.54 : Comparison of old vs. optimized design. 
 
 
OLD DESIGN OPTIMIZED DESIGN 
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3.4 Vehicle Level Improvements 
The CAE results which are presented in Section 3.3 show that the bumpsteer and 
rollsteer characteristics of the vehicle is improved up to desired levels. However, it is 
important to observe and verify the improvements on vehicle level. The prototype 
parts such as leafsprings, pitman arm, drag link, upper steering arm, lower steering 
arms and tierod are manufactured according to the optimization study results and 
assembled on a proper vehicle.  
After having a proper vehicle with the optimized design, a subjective jury evaluation 
and objective measurements need to be performed to evaluate the optimized and old 
design together. 
The subjective evaluation results show that there is a significant improvement in the 
straight ahead and cornering controllability performance of the vehicle which can be 
detected by average customers. Table 3.8 presents the subjective evaluation results of 
optimized design and old design. 
Table 3.8 : Subjective evaluation results of optimized design & old design. 
Response 2.0 4.0
Roll Control 3.0 3.5




Roll Control 3.0 3.5
















Needs to be Improved
 
In order to verify the vehicle level improvement, objective measurements need to be 
performed and the straight ahead controllability metrics of the optimized design and 
old design need to be compared. 
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Figure 3.55 presents the steering wheel corrections made during straight ahead 
driving of optimized design and old design. 
 
Figure 3.55 : SWA corrections of old & optimized design  
during straight ahead driving. 
 
A discernible difference can be observed on steering wheel angle corrections made 
while driving the old and optimized design in Figure 3.55. In addition to that plot, the 
straight ahead controllability metric of the optimized design is calculated and 
compared with the old design. Table 3.9 and Table 3.10 presents the straight ahead 
controllability metrics of the old and optimized design, repectively. 

























Table 3.10 : Straight ahead controllability metric of optimized design. 
  
Selected Vehicle - Optimized Design (with Trailer & 80 kph)
Σ|SWA| (o) t (s) Metric (o/s)
Run-1 39.8 26.2 1.52
Run-2 37.2 25.6 1.45
Run-3 40.2 26.4 1.52
Run-4 30.25 26.2 1.15
AVERAGE 1.45
Run-5 42.2 26 1.62
 
 
The straight ahead controllability metrics show that the required steering wheel 
corrections to drive on a straight lane with the optimized design is 6 times less than 
the old design. 
By the help of subjective evaluations and objective measurements, it has been proven 
out that the steering and suspension hardpoint optimization study has solved the 











































4.  CONCLUSIONS AND RECOMMENDATIONS  
The basic scope of heavy-commercial vehicle development which was just 
concentrated on fuel-economy, durability and performance feel is not capable of 
fulfilling the increasing customer expectations anymore. HCV developers 
concentrate on additional vehicle attributes such as steering, ride comfort, NVH, 
braking, ergonomics and exterior-interior design in order to provide the passenger-
car like perception to HCV drivers during long distance drives. 
HCV drivers believe that the steering performance of a HCV is significantly 
important if you are commanding on 40 tonnes while driving on highways, turns, etc. 
This thesis work is performed to optimize the suspension & steering hard points of a 
HCV to improve the straight ahead controllability of the vehicle. The hardpoint 
optimization is performed using a kinematically correlated ADAMS/Car model and 
the results of the optimization study on suspension kinematics and steering 
performance of the vehicle is verified using both kinematic simulations and full 
vehicle testing.  
Another point that this thesis work attracts the attention is that virtual prototyping 
process plays an important role in today’s vehicle development. Effective usage of 
virtual prototyping shortens the development cycles and reduces the costs of the 
development phases, thus speeds up the fulfillment of new customer expectations. In 
addition to these, it enables the vehicle developers to evaluate concepts earlier in the 
design phase. It is obvious that virtual prototyping should be used effectively during 
vehicle developments since it is not possible to evaluate and verify all 945 different 
analyses which are performed using ADAMS/Car model in this optimization study. 
The next steps for this optimization study could be decreasing the simulation run 
numbers, shortening the simulation timing and using statistical approaches for 
bumpsteer and rollsteer characteristics as well. These three improvements will 
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increase the efficiency of the optimization study and decrease the development and 
testing timings.   
To conclude, the subjective evaluations and objective measurements show that the 
steering and suspension hardpoint optimization study has been succeeded and solved 
the straight ahead controllability problem of the vehicle, thus the customer 
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